Cas9 endonuclease can be targeted to genomic sequences by varying the sequence of
1 0 2 occasional insertion of non homologous DNA into double strand breaks has been 1 0 3 reported in yeast [12] [13] [14] and mice [15] [16] [17] and the insertion of short phosphorothioate-protected 1 0 4 oligos forms the basis of the GUIDE-Seq method to detect off-target genome editing 1 0 5 events 18 , but the ability of non-homologous single stranded DNA to greatly increase 1 0 6 gene knockout by stimulating these events is surprising and to the best of our knowledge 1 0 7 unprecedented. 1 0 8 1 0 9
Our observations of sequence insertion in HEK293T cells motivated us to 1 1 0 investigate the nature of N-oligo stimulated indel formation in other cell types.
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Surprisingly, Sanger sequencing of U2OS editing outcomes revealed that N-oligo 1 1 2 treatment primarily stimulated the appearance of large deletions, and not insertions, as 1 1 3 compared to RNP alone editing (Figure 2C) . To determine the propensity of various cell 1 1 4 types to insert sequences into a Cas9 break point, we designed a PCR assay to amplify 1 1 5 either the N-oligo or sgRNA transcription template in various orientations. This assay 1 1 6 confirmed sequence insertion in K562 and HEK293T cells, but not in any of the other cell 1 1 7 lines that show robust N-oligo indel stimulation (Figures 2D, 1B) . The ability of N-oligos 1 1 8 to stimulate gene disruption with such different molecular outcomes suggests that they 1 1 9 stimulate classical or alternative end-joining pathways 19 , thereby boosting the rate of 1 2 0 error-prone DSB repair. 1 2 1 1 2 2
Given the large excess of N-oligo over sgRNA template, we wondered if 1 2 3 providing high concentrations of double stranded non-homologous DNA would also 1 2 4 effectively stimulate insertion in these cells. We tested both single and double stranded 1 2 5 N-oligos for their potential to increase indels at the EMX1 locus, double purifying the 1 2 6 sgRNA before use to ensure that the double stranded sgRNA template was completely 1 2 7 removed. We found that double stranded N-oligo stimulated indels, though about two-1 2 8 fold less effectively than single stranded N-oligo (Extended Data Figure 6A ). Using a 1 2 9 PCR assay for sequence integration, we found no evidence of sgRNA template insertion 1 3 0 in doubly-purified samples, but greater integration of the duplex N-oligo relative to single-1 3 1 stranded N-oligo (Extended Data Figure 6B ). This result suggests that explicitly 1 3 2 designing a duplex N-oligo could further bias cells towards a specific outcome, for 1 3 3 example inserting a cassette that encodes stop codons in multiple frames and 1 3 4 orientations may further bias cells towards a specific repair outcome. This strategy has 1 3 5 been proposed for HDR-mediated gene disruption, but to out knowledge has not been 1 3 6 attempted with non-homologous integration of oligonucleotides 20 . 1 3 7 1 3 8
Taken together, our data support a model in which cells fidelitously repair most 1 3 9
Cas9-generated DSBs using error-free repair pathways that do not produce measurable 1 4 0 indels, but occasional error-prone repair causes indels that ablate portions of the Cas9 1 4 1 protospacer and/or PAM, thereby preventing further cutting and producing a measurable 1 4 2 outcome (Extended Data Figure 7) . We note that if repair outcomes depend upon 1 4 3 sequence context, this activity could cause Cas9-sgRNA combinations with high in vitro 1 4 4 activity to display poor cellular activity or for sgRNA activity to differ between cell lines 7,8 .
4 5
The addition of N-oligo during editing appears to stimulate error-prone end-joining 1 4 6 pathways that differ among cell types (e.g. end-joining of exogenous nucleic acid in 1 4 7
HEK293T and large deletions in U2OS) but have the net effect of increasing the rate of 1 4 8 gene disruption. We anticipate that the use of N-oligos will be extremely valuable in 1 4 9 generating homozygously gene-disrupted cell lines or organisms, and will be particularly 1 5 0 effective in challenging polyploid contexts. were combined in a Lonza 4d strip nucleocuvette. Reaction mixtures were 2 2 1 electroporated, incubated in the nucleocuvette at RT for ten minutes, and transferred to 2 2 2 culture dishes containing pre-warmed media (dx.doi.org/10.17504/protocols.io.dm649d).
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Editing outcomes were measured two days post-nucleofection by T7E1 (see below).
4
Resuspension buffer and electroporation contions were the following for each cell line: (20) 5 (2) 5bp del (7) 11bp/5bp indel (2), 339bp/5bp template/N-oligo indel (8) 6 10bp del (7) 251bp template ins (8) 7 86bp/14bp N-oligo indel (10) 20bp/1bp indel (8) 8 8bp del (2) 7bp ins (10) 9 (13) 10bp/4bp indel (5) 10 19bp del (7) 119bp template ins (7) 11
(1) 16bp del (6) 82bp/18bp N-oligo indel (8) Extended Data Figure 5 : N-oligo is present in excess of sgRNA template. Nucleofection mixtures were serially diluted and the abundance of N-oligo or sgRNA template were quantified by qPCR. Fold enrichment of N-oligo over sgRNA template are presented for three serial dilutions of nucleofection mixtures. Inset number is the mean +/-standard deviation of these three values.
